Background. Strategies for localizing parathyroid pathology preoperatively vary in cost and accuracy. Our purpose was to compute and compare comprehensive costs associated with common localization strategies. Methods. A decision-analytic model was developed to evaluate comprehensive, short-term costs of parathyroid localization strategies for patients with primary hyperparathyroidism. Eight strategies were compared. Probabilities of accurate localization were extracted from the literature, and costs associated with each strategy were based on 2011 Medicare reimbursement schedules. Differential cost considerations included outpatient versus inpatient surgeries, operative time, and costs of imaging. Sensitivity analyses were performed to determine effects of variability in key model parameters upon model results. Results. Ultrasound (US) followed by 4D-CT was the least expensive strategy ($5,901), followed by US alone ($6,028), and 4D-CT alone ($6,110). Strategies including sestamibi (SM) were more expensive, with associated expenditures of up to $6,329 for contemporaneous US and SM. Four-gland, bilateral neck exploration (BNE) was the most expensive strategy ($6,824). Differences in cost were dependent upon differences in the sensitivity of each strategy for detecting single-gland disease, which determined the proportion of patients able to undergo outpatient minimally invasive parathyroidectomy. In sensitivity analysis, US alone was preferred over US followed by 4D-CT only when both the sensitivity of US alone for detecting an adenoma was C94 %, and the sensitivity of 4D-CT following negative US was B39 %. 4D-CT alone was the least costly strategy when US sensitivity was B31 %. Conclusions. Among commonly used strategies for preoperative localization of parathyroid pathology, US followed by selective 4D-CT is the least expensive.
MIP explorations have similar cure and complication rates as compared to BNE, yet require preoperative localization studies, traditionally with ultrasound (US) and technetium-99 M sestamibi-SPECT (SM) scanning. [8] [9] [10] [11] [12] Four-dimensional computed tomography (4D-CT), which employs high-resolution multiplanar anatomic and functional imaging to localize abnormal parathyroid glands, has been used recently as an alternative to traditional imaging. 13 The accuracy of 4D-CT has been studied in heterogeneous cohorts. Overall, its reported performance is considered superior to standard US and SM approaches. [13] [14] [15] [16] [17] However, concerns have been raised over its increased associated radiation exposure. [14] [15] [16] [17] The majority of cost studies support the benefit of MIP, compared with BNE, due to increased operating room and hospitalization costs associated with BNE. [18] [19] [20] [21] [22] However, preferred strategies for preoperative localization vary greatly from one institution to another, 5 and it is unclear which screening strategies, alone, in combination, or in succession, optimize cost savings. Decision analysis is an effective, evidence-based tool for comparing these localization approaches by allowing for integration of key factors that influence the costs of different approaches. Our purpose was to develop a decision-analytic model to compare healthcare costs across the comprehensive spectrum of practiced localization strategies, including 4D-CT, for the treatment of patients with sporadic PHPT.
METHODS

Overview of the Model
We developed a decision-analytic model to compare shortterm costs associated with different preoperative localization strategies for patients with PHPT. Costs of imaging and treatment were included in the analysis, but non-healthcarerelated costs to the patient (i.e., patient absence from work) were not. 23 Input parameters were extracted from the literature. 5, 7, 10, 14, 20, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] The primary cost analysis incorporated best available cost and probability estimates (Table 1) . Secondary (sensitivity) analysis was then performed to assess the stability of these results over a range of key model parameters. TreeAge Pro 2009 (TreeAge Software, Williamstown, MA) was used to construct and analyze the model.
We designated our base case as a 55 year-old woman with sporadic PHPT who met criteria for surgery based on NIH consensus guidelines for PHPT. 34 Patients could either undergo a BNE or a MIP depending on the preoperative localization strategy and attendant imaging results. Test characteristics were defined as follows: true-positives, an abnormal gland identified on both imaging and at surgery; false-negatives, a gland not identified on imaging but found to be abnormal at the time of surgery; true-negative, a gland not identified on imaging and found to be normal at the time of surgery; and false-positive, an abnormal gland identified on imaging but found to be normal at surgery.
Only those patients with localization of a parathyroid adenoma confirmed at surgery (true-positives) and appropriate decrease in intraoperative-PTH (IOPTH) level had MIP; all others had BNE, either planned or following failed MIP. All patients were assumed to undergo IOPTH testing.
Given current practice patterns, patients were assumed to have general anesthesia. 5 We also assumed that patients were American Society of Anesthesiologists Physical Status classification class I or II and had no contraindications IV contrast, concurrent thyroid pathology, or prior neck surgery.
MIP patients underwent one of seven localization strategies: (1) ultrasound (US) alone; (2) 4D-CT alone; (3) sestamibi-SPECT (SM) alone; (4) contemporaneous US and SM; (5) US followed by 4D-CT (if US was indeterminate); (6) SM followed by 4D-CT (if SM was indeterminate); and (7) US and SM followed by 4D-CT (if contemporaneous US and SM were indeterminate). Patients undergoing the final strategy (8) went directly to BNE without preoperative imaging.
Because rates of permanent hypoparathyroidism and recurrent laryngeal nerve injury have not been shown to differ between MIP and BNE, this was not factored into the analysis. 10, 35, 6 Preference-based utility measures of the various screening approaches have not been assessed to date and are likely to be nondifferential (i.e., undergoing 4D-CT vs. SM is likely to have minimal effect on healthrelated quality of life). Therefore, a cost-analysis alone was chosen to compare localization strategies in this study.
Model Inputs and Sources
Probability Estimates Model inputs are illustrated in Table 1 . We used a prevalence estimate from the largest reported series for our primary analysis. 32 Practice pattern probabilities, including the differential proportion of outpatient cases in MIP patients versus BNE, were obtained from a comprehensive survey of more than 250 surgeons from various subspecialties. 5 Operative times of MIP and BNE, respectively, were based on the results of a prospective, randomized trial comparing the two operative strategies. 10 Imaging test characteristics were elicited from a recent meta-analysis. 14 We assumed that the sensitivity of 4D-CT was the same, whether followed by indeterminate US or SM, given the absence of reported data to inform this difference. 29 
Costs
Current Procedural Terminology (CPT) and DiagnosisRelated Group (DRG)-based physician and facility fees were calculated using Medicare national reimbursement data for 2011 for the direct costs of imaging, surgery, and hospitalization. 33 Anesthesiology fees were based on average anesthesia time (15 min increments), 2011 CPT Anesthesia Base Units, and the national anesthesia conversion factor.
7,37
Sensitivity Analyses
We performed one-way sensitivity analyses to assess effects of varying key model parameters upon our results. In particular, we varied imaging test performance characteristics (for localization of single-gland disease), all cost estimates, and the proportion of patients undergoing outpatient (versus inpatient) surgery (Table 1 ). Model inputs were tested over ranges reported in the literature when available. Additional threshold analyses were performed, where relevant, to determine at what thresholds our results would change. We also assessed variability in cost without the use of IOPTH during BNE.
Radiation Exposure
Estimates of the lifetime attributable risk of cancer incidence and death were calculated from the Biological Effects of Ionizing Radiation (BEIR) VII report (Tables 12-D 1 and 2) based on age and reported ranges of radiation exposure from SM and 4D-CT. 38 
RESULTS
The results of the primary analysis are shown in Table 2 . Of the strategies evaluated, US followed by 4D-CT (if US was indeterminate) was the least costly strategy ($5,901) and US alone was the next least costly. BNE was the most costly ($6,824), with substantially higher associated costs ($450) compared with the next most costly MIP minimally invasive parathyroidectomy, BNE four-gland, bilateral neck exploration, BCE base case estimate a Given that data were unavailable, sensitivity of 4D-CT following US was assumed to be similar to that for 4D-CT following negative SM b Diagnosis-related group for parathyroid procedures without major comorbidities or complications c Cost of anesthesia was based on average anesthesia time (15 min increments), 2011 CPT Anesthesia Base Units, and the national anesthesia conversion factor d Sensitivity ranges extended to test thresholds beyond which a change in our analysis results (strategy preference) could occur strategy. Importantly, BNE remained the most expensive strategy even when IOPTH costs were excluded (cost = $6,648).
Sensitivity Analysis Results
US followed by 4D-CT remained the preferred strategy across the majority of sensitivity ranges tested, including those pertaining to test performance characteristics, prevalence of single gland disease, imaging costs, clinical practice patterns (e.g., related to preference for proportion of outpatient procedures), and operative times.
Test Characteristics
In one-way sensitivity analyses using a threshold analysis approach, US followed by 4D-CT (if US indeterminate) remained the least costly strategy even when each of the following one-way sensitivity analyses was performed: (1) increasing SM sensitivity to 100 %, (2) increasing combined US ? SM sensitivity to 100 %, and (3) increasing 4D-CT sensitivity to 100 %. These results are driven by the lower comparative cost of US relative to other imaging modalities but comparable sensitivity for detecting single-gland disease.
Varying the sensitivity of US did not affect the optimal strategy within a probable range of this parameter. When varying the sensitivity of US to determine at what point strategy preferences would change (e.g., in a threshold analysis), we found that: (1) US alone became the least costly strategy at an US sensitivity of C94 %; and (2) 4D-CT alone was the least costly strategy when US sensitivity was B31 %. US alone also became the least costly strategy when the sensitivity of 4D-CT following indeterminate US was B39 %.
Prevalence of Single Gland Disease
Higher rates of multigland disease have been reported in some series. 36 Given that a decrease in the pretest probability of single-gland disease would influence the value of localization studies (and ability to perform MIP alone), we assessed our results over a wide range of parathyroid adenoma prevalence reported in the literature (Fig. 1) . As expected, the cost of all localization strategies increased with decreasing single-gland disease prevalence, given increased requirements of BNE. However, US followed by 4D-CT (if US indeterminate) remained the least costly strategy ($6,206) and no localization strategy exceeded the cost of BNE at the lowest reported prevalence of singlegland disease (68 %). 36 
Imaging Costs
The preferred strategy was not sensitive to fluctuating short-term costs of the various localization studies: US followed by 4D-CT (if US indeterminate) remained the least costly strategy for a wide range of US and SM costs. It also remained the least costly strategy when the cost of 4D-CT\$722. US alone was the least costly when the cost of 4D-CT exceeded $722.
Proportion of Outpatient Cases
In two-way sensitivity analysis (in which we varied two model parameters simultaneously to determine the effects on model results), we assessed the effect of varying the proportion of patients admitted following (1) MIP and (2) direct BNE, on strategy preference. Assuming that the proportion of patients being admitted by a particular surgeon after BNE will always equal or exceed the proportion of patients being admitted following MIP, US followed by 4D-CT (if US indeterminate) remained the preferred strategy.
Anesthesia Costs
Surgeon reimbursement for MIP and BNE is the same. Therefore, differences in operative times are reflected in differences in time-based anesthesia costs. One-way sensitivity analysis of anesthesia costs for BNE showed that below $850 (equivalent to 1.7 h of anesthesia time) US alone became the preferred strategy. Figure 2 illustrates the effect of varying the anesthesia costs of the two surgical procedures. Within a wide range of anesthesia costs reported in the literature, localization strategies are preferred over direct BNE.
Radiation Exposure
There continues to be concern about increased radiation exposure from 4D-CT. Given that the large majority ([97 %) of patients with PHPT are cured, patients usually only require one-time preoperative localization. Reported average effective dose ranges from nuclear parathyroid ( 99m Tc-sestamibi) scans and 4D-CT are 6-11 mSv and 10-24 mSv, respectively, depending on the protocol utilized (i.e., some centers do not perform delayed CT images). [39] [40] [41] For comparison, background environmental radiation on average is 3 mSv/year. 41 Based on estimates of radiation-induced cancer risk from a widely accepted reference source, the Biological Effects of Ionizing Radiation (BEIR) VII report, projected lifetime radiationinduced cancer incidence and mortality rates remain low (Table 3) . 38 
DISCUSSION
Prior cost-effectiveness analyses of treatment strategies for PHPT have found that surgery is preferable to observation or pharmacological therapy. 4, [42] [43] [44] [45] Reported cure rates range from 95 to 98 % for both MIP and BNE approaches. 3, 7, 10, 12 Cost-utility analyses comparing MIP to BNE largely support the value of MIP; this was supported by our work. [18] [19] [20] 22 In keeping with the reported success of MIP, the majority of parathyroidectomies now performed for BNE), ultrasound followed by 4D-CT remains the preferred strategy in the United States are minimally invasive. 5 Preoperative localization is required for MIP, traditionally with US and SM. Recent reports indicate 4D-CT to have improved sensitivity over US and SM; however, it is unclear if this modality should supplant or support standard imaging with ultrasound and sestamibi. 13, 14, 16, 17, 39 Moreover, comparative costs of various screening strategies, vital in a potentially resource-constrained environment, are relevant.
In this analysis, we found that US followed by 4D-CT was the least costly strategy followed by US alone. In our study, differences in cost were largely based on improved sensitivity for detecting single gland disease and, therefore, on the proportion of patients able to undergo MIP with shorter operative time and same-day discharge. US followed by 4D-CT remained the best strategy over realistic ranges of SM, US, and 4D-CT costs and test performance for detecting single-gland disease. The percentage of patients admitted to the hospital following surgery has a large influence on cost. This decision will likely be primarily influenced by undergoing MIP versus BNE and surgeon preference. As anesthesia cost is time-based, small changes in OR times had a significant influence on cost. For instance, a 15 min interval of anesthesia cost ($126) is more than the cost of an US ($96).
To date, there is only one published study, by Wang and colleagues, comparing currently utilized screening strategies, including 4D-CT. 46 In comparing our studies, there are a number of key differences in model parameters, strategies, and study design that warrant mention. In their study, all patients with MIP were assumed to have outpatient procedures, and all BNE were assumed to stay overnight. It is recognized, however, that the distinction between inpatient and outpatient surgery also is informed by practitioner preferences. 5 As a result, we incorporated the proportion of cases likely to be managed as inpatient versus outpatient surgeries based on reported clinical practice patterns. 5 Ultrasound alone was reported as the least costly strategy by Wang and colleagues; however, the strategy of US followed by 4D-CT, our preferred strategy, was not assessed in their study. Moreover, the authors chose to perform a cost-utility analysis using a disutility reported for patients undergoing bilateral versus unilateral surgery (utility difference of 0.006). 42 Given that more research is still needed to better define utility differences between MIP versus BNE, or between localization strategies, we chose to limit our study to a cost analysis. In keeping with their study, we found strategies that integrated SM, alone or with other modalities, were more costly, and that direct BNE was the most costly.
On a clinical practice level, initial assessment with US is practical as increasing numbers of endocrine surgeons perform intraoffice ultrasound. Additionally, US allows for assessment of concurrent thyroid disease prior to surgery. Furthermore, the use of 4D-CT only in cases where US fails minimizes radiation compared to utilizing 4D-CT or SM as the first-line examination.
Our study has expected limitations, common to decision-analytic methods, which arise when using simplifying assumptions to model complex disease processes and care pathways. First, we did not include non-health care (e.g., time off from work) related costs to the patient in our analysis. Differential time off from work-in particular due to postoperative recovery from MIP versus BNE-may be possible. Incorporating time off from work, including a potential increased recovery time for BNE, would likely increase the magnitude of our results as this would make strategies with a higher proportion of patients undergoing BNE more costly. Second, to our knowledge, there are no reported data to inform the sensitivity of 4D-CT after negative US and assumed these tests to be conditionally independent in our base-case analysis. We addressed this limitation using sensitivity analysis-we found that US followed by 4D-CT remained the preferred strategy when sensitivity of 4D-CT after negative US was [39 %. Probabilities of single-gland disease prevalence and accurate parathyroid localization were extracted from the literature. Many of these estimates are based on retrospective data, and therefore, limited by selection bias and errors in collecting the data (i.e., misclassification). Furthermore, the survey data used for clinical practice patterns are limited by the sampling of survey responders, which may impact the generalizability of the results, as well as how accurately the responders answered (i.e., respondent and recall biases). To address these limitations, we performed a number sensitivity analyses to assess the stability of our results to varying model inputs. In summary, we found that US followed by 4D-CT (if US indeterminate) was the least costly preoperative localization strategy for patients with PHPT. This finding was robust across a wide range of inputs. Differences in cost were influenced primarily by differences in the sensitivity of each strategy, which determined the proportion of patients able to undergo MIP with shorter operative times and same-day discharge. To our knowledge, this is the first study to assess comprehensive comparative costs of preoperative localization strategies, including the 4D-CT following indeterminate US approach. Incorporating patient preferences and comparative effects of these strategies on health-related quality of life in this patient population will be essential for future comparative effectiveness research.
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